A new method with extremely large friction force taking advantage of the high interface area of carbon ber (CF: 6 µm-diameter) cross weave cloth, surface activated by homogeneous low voltage electron beam irradiation (HLEBI) on the ABS half-length prior to dipping in ABS resin to enhance the ability of dif cult to adhere thermoplastic with CF has been suggested for a joint (Ti/EBCF/ABS) of carbon ber reinforced thermoplastic ABS polymer and titanium (Ti). The joint was strengthened by the HLEBI over that without HLEBI. Experimental results showed ultimate tensile strength (σ b ) of the (Ti/EBCF/ABS) was 18.2 MPa: 2.1 and 9.1 and 4.2 times higher than that: without HLEBI (Ti/CF/ABS) (8.64 MPa); with glue (Ti/Glue/ABS) (2.00 MPa); and without glue (Ti/ABS) (4.32 MPa), respectively. Since the cross sectional area of CF impregnated ABS portion was about 1/12 that of the entire ABS wrapped CFRTP, the corrected σ b ( c σ b ) value of (Ti/EBCF/CFRTP) (139 MPa) could be estimated and was 2.5 times higher than c σ b of (Ti/CF/CFRTP) (56.5 MPa). X-ray diffraction (XRD) and wavelength dispersive X-ray spectroscopy (WDS) analysis showed titanium carbide TiC was not detected. A strain hardening model was constructed to predict deformation mechanisms in the (Ti/ABS) and (Ti/EBCF/ABS) joints. The new joint method of applying HLEBI to the carbon ber cloth remarkably enhanced the safety level of lightweight material with high resistance to fracture for airplanes and automobiles over that without HLEBI.
Introduction
Both titanium (Ti) and carbon ber reinforced thermoplastic polymers (CFRTP) are typical light structural materials not only to save energy for the environment, but also to enhance the mobility of aircraft. They have been already utilized for dream worthy mover machines, as well as airplanes. Although the four joint methods of welding, blazing, rivet connecting and glue are useful, they often reduce the materials strength.
However, recently reported is surface activation of carbon ber (CF) by 100-keV-class homogeneous low voltage electron beam irradiation (HLEBI) resulted in improvement of not only bending strain, 1) but also hardening modulus, bending strength and corresponding strain 2) and high resistance to bending deformation without fracture. 1) In addition, HLEBI has also been found to improve strength of polymers; for example, bending fracture strength and strain of epoxy matrix CFRP by a factor of approximately 2 by strengthening epoxy matrix as well as carbon ber, creating internal compressive forces enhancing the ber/matrix interface. 3) In order to develop joints of different material combinations for aerospace, Ti/Epoxy joints connected by nickel coated carbon bers have been suggested, prepared and evaluated. 4) On the other hand, ABS polymer, one of the thermoplastic polymers with high impact strength, is a composite material constructed with rubber structure phase particles of elastomer poly-butadiene (PB:-(CH 2 -CH=CH-CH 2 )-) dispersed in amorphous phase matrix of acrylonitrile styrene (AS:-[(CH 2 -CH<-CN>) n -(CH 2 -CH<-C 6 H 5 >) m ]-), where the PB ne particles are distributed inside and outside of the AS particles.
Since stress relaxation by the elastomer PB particle dispersion in AS matrix phase generates high rigidity, ABS has been developed to exhibit high impact value as well as high stiffness.
5-7)
If a Ti/ABS joint with high strength can be developed, the high reliability with safety can be expected for high speed mover machines. In order to enhance the joining strength, a new joining method with extremely large friction force by broad interface of carbon ber (CF: 6 µm-diameter) used as the joint junction has been suggested. 4, 5) However, the low strength of CFRTP has been a serious problem because of typical low wetting of thermoplastic polymers (TP) to carbon ber (CF). Consequently, carbon ber pull-out tremendously reduces tensile strength of the joint designated here as (Ti/ CF/ABS) where TP is ABS.
In order to improve wetting, the new method of HLEBI induced surface activation is applied to the CF cloth prior to dipping in ABS resin, the joint designated here as (Ti/EBCF/ ABS). HLEBI is reported to decrease dangling bonds in the hexagonal atomic structure of graphite that generally exist in CF often enhancing tensile fracture stress and strain of bending tests. 1, 3, 8) The decrease in dangling bonds probably enhances the adhesion force at the CF/ABS interface: the extremely large friction force is generated taking advantage of the high 6 µm-diameter interface area of carbon ber cross weave cloth. Thus, the purpose of the present work is to evaluate the effects of the new process of surface activation by HLEBI on CF cloth prior to dipping in ABS resin on tensile strength (σ b ) of (Ti/EBCF/ ABS) joints. bon ber reinforced light metal, titanium (CFRM) to ABS-CFRTP has been successfully developed. 6, 7) The new part of the process here is the surface activation of CF by HLEBI.
Specimen fabrication was as follows:
Step 1: A welding method was employed where half the length of CF cross-weave cloth, used as the joint junction, was contacted and wrapped with molten titanium by capillary phenomenon before solidi cation. Electron beam melting was performed at 10 kV potential and 25 ± 5 mA current under 9.3 × 10 −4 Pa residual gas pressure.
Step 2: The new part of the process is after Ti solidi cation, the half-length of exposed CF of the Ti/CF joint sample was surface activated by HLEBI (see details in the next section).
Step 3: The half-length of exposed CF cloth was dipped in the ABS resin at 493 K then dried and solidi ed resulting in the nished (Ti/EBCF/ABS) samples shown in Fig. 1 . Figure 1 shows sample length, width, thickness, CFRTP length, Ti length, and inserted ber bundles in the Ti were: 60, 10, 3, 30, and 30 and 10 mm, respectively. For comparison, (Ti/CF/CFRTP) samples without EBI were also made. In addition, samples adhered by glue designated (Ti/Glue/ ABS) and without glue (Ti/ABS) were also prepared. The (Ti/Glue/ABS) and (Ti/ABS) joints contain no CF.
Homogeneous low voltage electron beam irradiation
(HLEBI) induced surface activation The exposed CF half-lengths of the Ti/CF joint sample (see previous section, Step 2) were homogeneously irradiated (surface activated) by an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co., Ltd., Tokyo), as shown in Fig. 2 . [9] [10] [11] [12] [13] [14] The CF was homogeneously irradiated by the linear electron beam gun with low energy through a titanium thin lm window attached to a 240 mm diameter vacuum chamber. A tungsten lament in a vacuum is used to generate the electron beam at a low energy (acceleration potential, V: kV), of 170 kV and irradiating current density (I, A/m 2 ) of 0.089 A/ m 2 .
Although the electron beam has been generated in a vacuum, the irradiated sample has been kept under protective nitrogen at atmospheric pressure. The distance between sample and window has been 35 mm. To prevent oxidation, the samples are kept in a protective atmosphere of nitrogen gas with a residual concentration of oxygen below 300 ppm. The ow rate of nitrogen gas is 1.5 L/s at 0.1 MPa nitrogen gas pressure. The sample in the aluminum plate holder (0.15 m × 0.15 m) is transported on a conveyor at a speed of 10 m/min. The sheet electron beam irradiation is applied intermittently sweeping back and forth. One sweep going one way is 0.0432 MGy applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remains below 323 K just after irradiation. Repeated irradiations to both side surfaces of the samples are used to increase the total irradiation dose. The interval between the end of one period of irradiation and the start of the next operation is 30 s. When the irradiation current (I, mA), the conveyor speed (S, m/min) and number of irradiations (N) (sweeps) are determined, the irradiated dosage is expressed by the following equation:
The irradiation dose has been controlled by the integrated irradiation time in each of the samples. Here, irradiation dose has been corrected by using an FWT nylon dosimeter of RCD radiometer lm (FWT-60-00: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA) with an irradiation reader (FWT-92D: Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, USA). The dose is 0.0432 MGy at each irradiation.
Based on the mean density (ρ: kg/m 3 ) and irradiation potential at the specimen surface (V: keV), the penetration depth (D th :/m) of EBI is expressed by the following equation: 15, 16) 
Using the principal form of eq. (2), specimen surface electrical potential (V) was mainly dropped by the Ti window (ΔV Ti ) as well as N 2 gas atmosphere (ΔV N2 ). The specimen surface electrical potential, V (129.6 keV) is estimated from the acceleration potential (170 keV), the 10 μm thickness (T Ti ) of the titanium window (density: 4540 kgm −3 ), and the 35 mm distance between the sample and the window (T N2 ) in the N 2 gas atmosphere (density: ρ N2 = 1.13 kgm
−3
).
= 18.2 keV (5) Since the dropped potential values were 22.2 and 18.2 keV, the specimen surface electrical potential, V is 129.6 keV as follows.
In this study, small total dosages of 0.30 MGy were applied to both side surfaces of the CF cloth to make the (Ti/EBCF/ ABS) joints. Figure 3 shows the new method of surface activation of the CF by applying HLEBI on the ABS half-length prior to dipping in ABS increases the tensile properties of the joint samples showing typical tensile stress (σ) -strain (ε) curves of (Ti/ABS) joints with and without HLEBI ((Ti/EBCF/ABS) and (Ti/CF/ABS)), as well as with and without glue ((Ti/ Glue/ABS) and (Ti/ABS)). The ultimate tensile strength (σ b ) is de ned where the slope of σ-ε curve (dσ/dε) is equal to zero the resistance to stress simultaneously being at the maximum.
Results

Tensile stress-strain curves
Speci cally, Fig. 3 shows applying the HLEBI surface activation to the CF prior to dipping the half-length in ABS increases the ultimate tensile strength (σ b ) of the (Ti/EBCF/ ABS) joint to 18.2 MPa, by factors of 2.1, 9.1 and 4.2 times higher than that of (Ti/CF/ABS) (8.64 MPa), (Ti/Glue/ ABS) (2.00 MPa) and (Ti/ABS) (4.32 MPa) joints, respectively.
Moreover, the HLEBI increases the strain at σ b (ε b ) of the (Ti/EBCF/ABS) joint (0.008) by factors of 2.7, 4.0 and 2.7 times higher than that of (Ti/CF/ABS) (0.003), (Ti/Glue/ ABS) (0.002), and (Ti/ABS) (0.003) joints, respectively.
Toughness de ned as total area under the stress-strain curve is also largely improved by the HLEBI: both fracture strength σ f and its strain ε f of (Ti/EBCF/ABS) joint are improved over those of (Ti/CF/ABS), also being much improved over those of (Ti/Glue/ABS) and (Ti/ABS). Horizontal dotted lines in Fig. 3 indicate ultimate strength and yield strength, respectively of CF containing joints.
Since yield strength (σ y ) is an important parameter in designing load bearing aerospace components, it is de ned here when the slope of σ-ε curve (dσ/dε) rst begins to level off abruptly decreasing, i.e. deviation of the slope (dσ/dε) from the initial relationship probably from initiation of partial slippage at the ber/matrix interface. Figure 3 shows the yield strength, σ y of (Ti/EBCF/ABS) (16.3 MPa) is improved by the HLEBI being 2.5, 8.4 and 4.3 times higher than that of (Ti/CF/ABS) (6.55 MPa), (Ti/ Glue/ABS) (1.95 MPa), and (Ti/ABS) (3.75 MPa), respectively. The strain at σ y (ε y ) of (Ti/EBCF/ABS) (0.005) is also 2.5, 2.5 and 2.5 times higher than that of (Ti/CF/ABS) (0.002), (Ti/Glue/ABS) (0.002), and (Ti/ABS) (0.002), respectively.
Discussion
Morphological discussion
Although carbon ber pull-out from ABS resin is observed in the Ti for (Ti/CF/ABS) joint, simple fracture occurs for all samples with and without CF cloth. Figure 4 shows photographs from BSE (backscattered electrons) and WDS (wavelength dispersive X-ray spectroscopy) mapping analysis of (Ti/EBCF/ABS) joint reinforced by the CF cloth indicating Ti and C in the cross section of the Ti side of the joint can be observed (see Fig. 4-(a) ). As shown in Fig. 4-(a) , the carbon bers retain in the Ti matrix without changing shape. As shown in Fig. 4-(b) , carbon diffusion in the Ti matrix can be observed in the CF concentrated area. The carbon diffusion layer can be observed at Ti/CF interface zone in (Ti/EBCF/ABS) joint, although metallic elements cannot be precisely detected in carbon bers (Fig. 4-(c) ). Moreover, based on the WDS results, Ti atoms cannot be detected in carbon bers.
Moreover, Fig. 5 shows Based on the XRD pattern results, the brittle chemical compound of titanium carbide TiC cannot be observed in the (Ti/EBCF/ABS) sample 9) as shown by the absence of peaks at 2θ = 32, 40 and 56 deg in Fig. 5 . In addition, the small peaks of TiO 2 rutile can be also detected. 
Corrected tensile stress-strain curves (
c σ vs. ε) for CFRTP cross sectional area fraction Since in Fig. 3 the strain at ultimate tensile strength, σ b (ε b ) of (Ti/CF/ABS) is equal to that of (Ti/ABS): as expected the reinforcing CF increases the joint stiffness raising the σ b . For the (Ti/EBCF/ABS) samples, it is evident applying the HLEBI to the CF further increases the σ b signi cantly maintaining the strong modulus (dσ/dε) to much higher strains than that of the (Ti/CF/ABS). This shows strain hardening: toughness is increased in the (Ti/EBCF/ABS) without compromising the stiffness.
To assess the further increase in toughness and σ b of (Ti/ EBCF/ABS) joint by HLEBI, corrected tensile stress-strain curves ( c σ vs. ε) for CFRTP cross sectional surface area fraction perpendicular to tensile testing direction are calculated. Figure 6 shows CF/ABS portion and ABS portion designated CFRTP and polymer , respectively. Figure 7 exhibits the corrected ( c σ vs. ε) curve of (Ti/ EBCF/CFRTP) and (Ti/CF/CFRTP) joints. The rule of mixtures for composite materials of (Ti/CF/CFRTP) is assumed here to be expressed by the following eq. (7) (see extrapolated broken line of region 4 for (Ti/ABS), in Fig. 8 ), where S (Ti/CF/CFRTP) and S (Ti/ABS) are their respective cross sectional area fractions illustrated in Fig. 6 . The corrected tensile stress, c σ x throughout the stress-strain curve is thus: 
where x represents (Ti/CF/CFRTP) or (Ti/EBCF/CFRTP) in Fig. 3 
When the σ (Ti/ABS) values depend on the stress-strain curve of (Ti/ABS) in Fig. 3 , the corrected σ b ( c σ b ) value of (Ti/ EBCF/CFRTP) (139 MPa) can be estimated and are 2.4 times higher than that of c σ b of (Ti/CF/CFRTP) (57 MPa). In addition, the c σ b of (Ti/EBCF/CFRTP) (139 MPa) is 32 times higher than the σ b of (Ti/ABS) (4.32 MPa), respectively.
As shown in Fig. 7 , the initial slope (dσ/dε) o estimated for the corrected ( c σ vs. ε) curve of (Ti/EBCF/CFRTP) is approximately 48 GPa, which is slightly lower than the c σ b of (Ti/CF/CFRTP) (60 GPa) and much higher than that (0.7 GPa) of (Ti/ABS) in Fig. 3 . Figures 3 and 7 show applying the HLEBI to the CF cloth prior to dipping in ABS signi cantly extends the ultimate tensile strength σ b for the (Ti/EBCF/ABS) and c σ b for the (Ti/ EBCF/CFRTP) beyond the yield strength σ y for the (Ti/CF/ ABS) and c σ y for the (Ti/CF/CFRTP), respectively. This is a type of work-hardening brought about by the increased CF/ ABS interfacial adhesion preventing ber pull-out.
Although the initial slope (dσ/dε) in Fig. 3 for (Ti/CF/ ABS) deviates from its corrected slope (d Figure 3 shows the strain at ultimate tensile strength σ b (ε b ) of (Ti/EBCF/ABS) is much higher than that of (Ti/ ABS). Thus, constructing the extrapolation for the strain hardening exponent of the (Ti/ABS) joint should be estimated to obtain the σ at each ε of (Ti/EBCF/ASB) joint. The σ-ε curves of materials are generally expressed by the following equations:
Strain hardening model of mechanism by action of HLEBI strengthening the CF/ABS interface
Here n is strain hardening index and k (MPa) is the strength coef cient. The strain hardening index is n = 0 for a perfectly plastic solid, and n = 1 for a perfectly elastic solid. Figure 8 shows the base-10 logarithmic stress (σ) -strain (ε) curves (log 10 σ-log 10 ε) of (Ti/EBCF/ABS) and (Ti/ABS) joints from Fig. 3 . To construct the strain hardening model of Fig. 8 , the log 10 σ-log 10 ε linear relationships are divided into deformation mechanism regions in sequence. The n and n values separated into 4 regions for (Ti/ABS) and (Ti/ EBCF/ABS) joints, respectively are depicted in Fig. 8 and summarized in Table 1 .
Comparison of deformation mechanism of (Ti/
EBCF/ABS) with (Ti/ABS) For the (Ti/ABS) joint without CF (Fig. 8, squares) , deformation mechanism is dominated by both high impact strength and high stiffness of ABS constructed of ne rubber structure phase particles of elastomer poly-butadiene (PB:-(CH 2 -CH=CH-CH 2 )-) dispersed in amorphous phase matrix of acrylonitrile styrene (AS:-[(CH 2 -CH<-CN>) n -(CH 2 -CH<-C 6 H 5 >) m ]-) with high rigidity. [5] [6] [7] For the (Ti/EBCF/ABS) joint along with Ti taking on part of the load (Fig. 8 , trian- gles), deformation mechanism is dominated by the HLEBI surface activated CF enhancing CF/ABS adhesion generating strain hardening. The strain hardening model is separated into 4 regions: Region 1: Both (Ti/ABS) and (Ti/EBCF/ABS) joints apparently have the same strain hardening index (least squares best t n 1 = n 1 = 1.0 in Table 1 ) probably from similar deformation mechanisms in ABS of separation of weak Van der Walls bonding sites involving the highly polar nitrile groups between and within polymer chains unraveling the chains. Moreover, both joints exhibit a marked reduction in initial strain hardening index (Fig. 8, arrows) . However, as expected, (Ti/EBCF/ABS) handles higher stresses than (Ti/ABS) due to CF taking on the load slowing the separation of weak bonding sites extending Region 1 to higher strains as well.
Region (2): Both (Ti/ABS) and (Ti/EBCF/ABS) joints exhibit a subsequent rise in strain hardening index probably from tightening of AS matrix chain network within the bulk of ABS. Despite the presence of CF, n is higher in the (Ti/ ABS) (n 2 = 2.0) than that of the (Ti/EBCF/ABS) (n 2 = 1.2) most likely due to strong Ti-ABS adhesion: Ti is probably taking on a higher proportion of the load in the (Ti/ABS). As expected, Region 2 again occurs at higher stresses and strains in the (Ti/EBCF/ABS) joint due to CF and their strong adhesion to ABS from the HLEBI.
Region (3): In Region 3, although Ti appears to be taking on a higher proportion of the load in the (Ti/ABS) joint with higher strain hardening index (n 3 = 1.6) than that of (Ti/ EBCF/ABS) at (n 3 = 0.9), the (Ti/EBCF/ABS) is stronger than the (Ti/ABS). In the (Ti/ABS), Region 3 is a homogeneous elastic deformation obeying Hooke s Law, the chains continue to be stretched and tightened with Ti also taking part of the load. On the other hand, Region 3 of the (Ti/EBCF/ ABS) has slight curvature probably due to homogeneous plastic deformation near the CF/ABS matrix interface without slippage reaching signi cantly higher stresses and strains, hence the EBCF increase the strength of the joint by this strain hardening well above the yield stress of the (Ti/ABS).
Region (4): Beyond the yield strength, σ y in the (Ti/ABS) joint, homogeneous plastic deformation occurs by severing PB chain bonds in the stretched network leading to fracture in the ABS and at the Ti-ABS interface. On the other hand, in the (Ti/EBCF/ABS) joint homogeneous plastic deformation occurs with slippage and ber pull-out, respectively, followed by fracture of the EBCF and ABS matrix. The strain hardening indexes are reduced and similar (n 4 = 0.39+/−0.2 and n 4 = 0.48+/−0.2) indicating larger damage preceding complete fracture.
The entire σ-ε curve of (Ti/EBCF/ABS) in Fig. 3 closely resembles that reported for typical ABS polymer in the literature dropping off sharply at higher strains beyond the ultimate tensile strength, σ b , necking with signi cantly lower fracture strength, σ f . 17) and high fracture strain, ε f . Therefore the ABS appears to be dominant in the deformation mechanism of the (Ti/EBCF/ABS) joint The strain hardening model of Fig. 8 and Table 1 aims to be a useful tool to predict the damage mechanisms by the slopes of strain hardening index, n of various deformation regions in the joints. diation) and Mr. Yasuo Miyamoto (EPMA) of Tokai University for his useful help. Our sincere gratitude also goes to Eye Electron Beam Co, Ltd. (Gyoda, Saitama, Japan) for their support with this work.
